Abstract: Well-defined cleavable poly(styrene-block-ethylene oxide) polymers were prepared by living anioinc polymerization, using cumyl potassium as the initiator. These polymers contained an acid cleavable moiety, such as diphenyl methyl or anthracenyl methyl ether linkage, between polystyrene and poly ethylene oxide block. Atomic force microscopy (AFM) studies on the thin films illustrate the formation of nanoporous architecture due to acid cleavage of the polyethylene oxide fraction.
Introduction
Amphiphilic block copolymers have attracted recent attention for various applications in which the dual hydrophobic and hydrophilic properties may be exploited. Extensive studies are being carried out in the block polymers containing poly(ethylene oxide) as one of the component. This interest is due to their ability to self-assemble into a welldefined microphase separated morphology and structure [1] [2] . The structures are in the nanometer-range and have applications as scaffolds and templates for nanostructured devices. Different morphologies (cylinder, sphere, and lamellae) can be tailored by changing the block length ratio and interaction parameters [3] [4] [5] [6] . The cylindrical morphology is of great interest in numerous applications since it can be transformed into an array of nano-pores by the removal of the minor component from the block [7] [8] . The resultant porous architecture can in turn be used as templates for functional nano-structures, such as high density nano-rod arrays for informationstorage applications, separation membranes, templates for the growth of oriented inorganic or metal nano-structures, and sensors [9] .
Currently, two methods are used to create the nanopores by removing minor components, namely chemical etching and UV degradation [10] [11] [12] [13] [14] [15] [16] . However, both methods have limitations. Chemical etching processes are carried out in extreme conditions, at higher temperature. These conditions may not be suitable with major component polymer, substrate or both. The UV degradation is limited to selected polymers. Recently, a methodology has been described for an amphiphilic block copolymer of poly(styrene-block-ethylene glycol methyl ether) containing a linker between the amphiphilic blocks that can be cleaved into their respective constituents under mild conditions, without affecting the integrity of the morphology [17] . The synthesis of such type of materials thus overcomes the limitations of the existing protocols [9] .
The cleavable amphiphilic diblock was synthesized by a controlled radical polymerization process followed by the insertion of a triphenylmethyl (trityl) ether unit between poly ethylene glycol methyl ether and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) moiety [17] . The controlled radical macro initiator was further used for the radical process of styrene polymerization. The trityl ether linkage is readily cleaved by Br nsted or Lewis acids at ambient conditions [14] . However, the controlled radical polymerization is still limited to selected molecular weights and the resulting polymer mostly exhibits broad molecular weight distributions. Therefore, the chemical homogeneity of the obtained polymer by controlled radical process is not uniform. In addition, the process is time taking especially for the multi steps synthesis of property design end functionalized polymer bearing a TEMPO unit. Furthermore, the process is limited for low molecular weight polymers to obtain a high yield functionalized TEMPO bearing macro initiator.
The focus of this communication is to report the synthesis of cleavable amphiphilic block copolymers by an anionic living polymerization process that overcomes current limitations. Living polymerization process is an elegant approach to synthesize complex architectures. This technique is unequivocally preferred to other methods to efficiently achieve the synthesis of well-defined polymers and of predetermined molecular weights and molecular weight distributions. As living anionic polymerization is deprived of irreversible termination reaction, both molecular weight and molecular architecture of polymers can be controlled accurately.
It has been known that the benzyl ether attached to poly oxirane moiety (---C R(C 6 H 5 )-O-CH 2 CH 2 O--) is susceptible to cleavage under mild acidic and reducing conditions. In order to explore this unique feature, we have synthesized such an architecture that is cleavable under mild acidic conditions. Previously, alkaline metal salt of benzophenone has been used as a selective bifunctional initiator in the synthesis of block copolymer of poly dimethyl siloxane with styrene and methyl methacrylate [18] [19] . To illustrate the efficacy of this elegant approach, we have selected the synthesis of an amphiphilic block copolymer of styrene with ethylene oxide. Table 1 illustrates characterization data of the synthesis of these block copolymers. Size exclusion chromatography (SEC) was used to illustrate the cleavage of diphenyl methyl or anthracenyl methyl ether linkage between polystyrene and poly ethylene oxide under mild acidic conditions. 100 mg of diblock polymer (sample A) was dissolved in 5 ml toluene and trifluroacetic acid (TFA) was gradually added drop wise into the polymer solution. After a few drops, the solution became light yellow. Further addition of TFA produced a heterogeneous light yellow color and the solution transformed into a colloidal suspension. During acidification, diphenyl or anthracenyl ether produced diphenyl or anthracenyl cations. The positive charge on the α-carbon atom might be stabilized by the resonance effect of adjacent phenyl groups or by the aromatic anthracene moiety. The later could explain the appearance of yellow color after the addition of a few drops of TFA. Furthermore, the yellow color was replaced by a white suspension after the addition of a few drops of water. A similar effect is seen in tritanols or trityl ester, which are acid-labile and produce a range of stable colors (dark yellow or orange to violet), representing numerous class of dyes [20] . It is worth mentioning that no coloration was observed during TFA treatment on poly(styrene-block-ethylene oxide) (SEO) diblock copolymer without acid-labile linker. Figure 1 illustrates the SEC profile of the diblock polymer (sample A) before and after cleavage with TFA. The SEC profile of the colloidal suspension collected from the inter phase of aqueous and toluene layers clearly demonstrates the peaks corresponding to the polystyrene fraction and the poly ethylene oxide fraction after acid treatment.
Results and discussion
Tab. 1. Characterization data for cleavable poly styrene-b-ethylene oxide diblock copolymer synthesized in THF using Cumyl Potassium as initiator. SEC profiles for the SEO block copolymer that contained an anthracene moiety (sample G) at the junction of polystyrene and poly ethylene oxide blocks exhibited a sharp response at 376 nm, under UV detection. A similar UV response at 376 nm by post-cleavage polystyrene fraction indicated the presence of anthracene moiety attached to polystyrene block. These results advocate that during the introduction of benzyl ether linkage between the polystyrene block and polyethylene oxide block, the acid scission specifically happens at the ether bond. The introduction of a chromophore such as anthracene or pyrene moieties at the junction can be used to form the porous polystyrene membranes. An architecture that bears anthracene or a pyrene ring, acting as an acid labile linker is difficult to achieve by controlled radical process.
To generate a nano-pore film from the annealed SEO thin film, acid cleavage of the diphenyl methyl ether juncture followed by the selective removal of the PEO from the films was performed. Highly polished single-crystal silicon wafers of <100> orientation were used as a substrate. The wafers were first cleaned in an ultrasonic bath for 30 minutes, placed in a hot (80 o C) "piranha" solution (3:1 concentrated sulfuric acid/ 30% hydrogen peroxide) (caution: the cleaning solution is highly corrosive and extremely reactive with organic substances) for one hour, and rinsed several times with high purity water [16] . SEO polymer sample B (M n 19,000-b-5000) was dissolved in toluene to produce 1.5% weight/volume solution. The block copolymer films were deposited on the silicon wafer by dip-coating from the toluene solution. The typical sample thickness of the block copolymer film produced was between 55 and 70 nm.
Acid catalyzed hydrolytic cleavage of SEO polymer was performed by exposing of the films deposited on the Si wafer to saturated vapor of trifluoroacetic acid, (TFA) (in a sealed vial) at ambient temperature for 4 hours. TFA is a solvent for PEO but a non-solvent for PS. The chain scission was followed by the extraction of PEO macromolecules from the films by rinsing with water. It was observed that the use of potassium iodide (KI) was not required to wet the thin film as generally needed to enhance non-favorable interactions between PS and PEO. The latter are due to complexation of PEO with salt which gives rise to a high degree of ordering in the resultant film [9] . However, in this case, the methodology illustrated indicates that some of the polymer chain ends might contain potassium metal alkoxide as end functional group. The tapping mode was used to study the surface morphology of the films in air. Silicon tips with spring constants of ~ 50 N/m were used. Imaging was done at scan rates in the range of 1 -2 Hz. A typical atomic force microscopy (AFM) image of the SEO block copolymer film is shown in Figure 2 . The observation revealed that the film uniformly covers the substrate and demonstrated the microphase separation typical for the SEO di-block copolymers with immiscible blocks (Figure 2a) . From the AFM imaging and based on the block copolymer composition, it was supposed that a cylindrical structure was formed, where the cylinders were predominantly oriented perpendicular to the substrate. To generate the nanoporous film, the dibenzyl ether connector was cleaved employing TFA. The chain scission was followed by an extraction of PEO macromolecules from the films by water. Figure 2b shows AFM image of the block copolymer films treated with the acid. It is evident that PEO macromolecules were detached from the PS blocks, since the formation of PEO crystals at the top of the film is clearly observed. The mobility for the cleaved chains is due to the swelling of the PEO chains by the TFA vapors. The crystalline film covered a significant fraction of the substrate. The b a b c PEO crystals were simply removed by washing with copious amounts of water. After the completion of the PEO extraction, the structured nanoporous film was revealed. The formation of the pores was also confirmed qualitatively by ellipsometry measurements. The measurements indicated that the thickness of the film decreased by about 15%, which is relatively lower than the fraction of PEO in the film. It is possible that some PEO material may not have been extracted from the film. On other hand, this phenomenon can also be connected to an error in ellipsometric measurements. Successful formation of the nanoporous film indicated that the cleavable junction was physically accessible to the TFA etching agent and that the matrix material was able to support the integrity of the resultant nanoporous film.
Conclusions
Diblock copolymer of poly(styrene-block-ethylene oxide) by anionic living polymerization containing a cleavable connector such as dibenzyl or anthracenyl ether was successfully synthesized. The novelty of this work is the synthesis of the linker in-situ by capping of the polystyryl anions. This technique also attributes to the direct synthesis of ultra high molecular weight cleavable diblock copolymers contrary to the existing technique using a controlled radical process. The cleavage of the diblock copolymer into its constituent blocks under mild acidic conditions was duly supported by AFM studies on the thin films. This technique has considerable potential and demonstrates modest improvement in the design and production of defect free nanoporpous materials on an industrial scale.
Experimental part

Materials
All monomers and chemicals were procured from Aldrich (Sigma Aldrich Co.). They were further purified for the ionic living polymerization process. Cumyl methyl ether (methyl-(α-phenyl-isopropyl)-ether) was purified with care and further used for the preparation of cumyl potassium anionic initiator. It is necessary to remove all the traces amount of α-methyl styrene from the cumyl methyl ether, using a synder distilling column (Chem. Glass part # CG-1304-01). The presence of a trace amount of α-methyl styrene in the cumyl methyl ether could result in the formation of a high molecular weight fraction (minor fraction, double the molecular weight with respect to the major fraction. FTIR was employed to check the purity of the cumyl methyl ether. The disappearance of the absorbance at 893 Cm -1 confirm the absence of a C=C double bond.
Polymerization
In order to prepare a cleavable diblock copolymer of styrene with ethylene oxide, anionic living polymerization of styrene was carried out in THF at -78 o C using cumylpotassium as initiator. The polymerization reaction was performed in a specially designed 2L polymerization reaction flask connected to different break seal ampoules for the addition of the required monomers in-situ by slow distillation process. The end capping of polystyrene macro anions was carried out by adding 5% molar excess of purified (purification by 2 times sublimation) benzophenone as powder. The addition of benzopheneone turned the red color of the polystyryl potassium macroanions to green within 10-15 seconds and finally to a yellow persistent color at -78 In our second approach, the end capping of polystyryl potassium with benzophenone was substituted by purified 9-anthracene carboxaldehyde. The resulting solution had a deep yellow brown color. The color of the solution diluted to light yellow while ethylene oxide was added and gradually turned to violet after stirring the solution at 35 o C for 5 h. The obtained crude dried polymer was further purified by a soxhlet extraction process using cylclohexane and methanol successively. About 5-10% of the collected polymer was soluble in cyclohexane or methanol indicating the removal of homopolystyrene or any polyethylene oxide homopolymer fractions from the initial polymer. Route: 3. Linking reaction between PSOH and PEG mesylate Scheme I. Polymerization routes for the synthesis of cleavable poly(styrene-blockethylene oxide) (SEO).
In the third approach, after the addition of benzophenone to polystryl potassium the hydroxyl terminated polystyrene (PSOH, Mn 4500) was isolated by precipitating the solution in acidic methanol solution. 5 g of PSOH (1.11 mmol OH end group) was dried over toluene by azeoptroic distillation and dissolved in 200 ml dried THF. 100 mg of NaH (4.16 mmol) was added to the solution under argon atmosphere and the resulting mixture was stirred for 24 h at 70 o C. Subsequently, 9 g of solid α-mesylated polyethylene glycol methyl ether (1.6 mmol, Mn of 5500) was added. The mixture was stirred for 48 h; followed by addition of 1 drop of DMF and further stirring for another 24 h at 70 o C. The product was isolated in ethanol/hexane mixture (5:5 v/v) to remove the excess of polyethylene glycol methyl ether fraction. Route of the reactions of the above three approaches are illustrated in Scheme 1.
Measurements -Gel Permeation Chromatography
A Varian 9002 liquid chromatography equipped with three columns from Supelco (G2000, G4000, and G6000 HXL), a Varian RI-4 refractive index detector, a Viscotek T60A dual detector with light scattering and viscosity differential pressure were used to detect the cleavage of diphenyl methyl or anthracenyl methyl ether linkage between polystyrene and poly ethylene oxide under mild acidic conditions. The measurements were conducted with THF with 1 vol % triethylamine as an eluent.
-Ellipsometry
Ellipsometry was performed with a COMPEL automatic ellipsometer (InOmTech, Inc.) at an angle of incidence of 70 0 . Reproducibility of the ellipsometry measurements was within +10% variations.
-Atomic Force Microscopy
Atomic force microscopy (AFM) images were captured in the tapping mode by a NanoScope IIIa MultiMode SPM (Digital Instruments Inc. Santa Barbara, CA) at room temperature. A silicon tip with spring constant of ~ 50 N/m was used. The scan rates were between 1 and 2.0 Hz. Height and phase signal were recorded simultaneously.
